While the molecular structures of angiotensin II (Ang II) type 1 (AT 1 ) receptor blockers (ARBs) are very similar, they are also slightly different. Although each ARB has been shown to exhibit a unique mode of binding to AT 1 receptor, different positions of the AT 1 receptor have been analyzed and computational modeling has been performed using different crystal structures for the receptor as a template and different kinds of software. Therefore, we systematically analyzed the critical positions of the AT 1 receptor, Tyr and the tetrazole group were studied. The common structure, a tetrazole group, of most ARBs similarly bind to Lys 199
Introduction
Angiotensin II (Ang II) type 1 (AT 1 ) receptor is a member of the G protein-coupled receptor (GPCR) superfamily and contains 359 amino acids [1] . It has a widespread tissue distribution and mediates most known cardiovascular functions including vasoconstriction, cardiovascular hypertrophy and hyperplasia [2] . AT 1 receptor blockers (ARBs, including EXP3174, which is an active metabolite of losartan, candesartan, eprosartan, valsartan, telmisartan, olmesartan, irbesartan, and azilsartan) have been developed and are available for clinical use worldwide. Basic and clinical studies have shown that ARBs are useful for preventing the development of cardiovascular disease [2] .
With the exception of eprosartan, ARBs that are widely used in clinics share a common molecular scaffold consisting of biphenyl-tetrazol and imidazole groups that have slightly different structures [3, 4] . Recent clinical studies have demonstrated that not all ARBs have the same effects and some benefits conferred by ARBs may not be class (or common) effects, but rather molecule-specific (or differential) effects [4] . We and others previously indicated that each ARB has a unique mode of binding for AT 1 receptor [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . We have proposed that the molecule-specific effects may be due to small differences in the molecular structure of each ARB [3] .
While the crystal structures of GPCRs obtained from the rhodopsin, opsin, and beta 1 -and beta 2 -adrenergic receptor systems have recently been described [17] [18] [19] [20] [21] [22] [23] [24] , the crystal structure of AT 1 receptor has not been elucidated. Although we and others analyzed the mode of binding of ARBs to AT 1 receptor [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , different approaches used showed different modes of binding of ARBs to AT 1 receptor. These analyses considered different positions of the AT 1 receptor using sitedirected mutagenesis and performed computational modeling using different GPCR crystal structures as templates and also different softwares which could account for the different modes of binding of ARBs to AT 1 receptor observed.
To resolve these problems, in this study we systematically analyzed the same critical positions of AT 1 [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , using a mutagenesis study, and subsequently performed computational modeling of the binding mode between AT 1 receptor and ARBs using human C-X-C chemokine receptor type 4 (CXCR4) receptor as a new template [25] and a single version of software. We confirmed here that the slightly different structures of ARBs are critical for unique modes of binding to AT 1 receptor.
Materials and Methods

Materials
The following reagents were purchased or provided: EXP3174, candesartan, valsartan, telmisartan, irbesartan and azilsartan (Toronto Research Chemicals Inc., Ontario, Canada); olmesartan (Daiichi Sankyo Co., Tokyo, Japan); 
Site-directed mutagenesis and expression of the AT 1 receptor and membrane preparation
The synthetic rat AT 1 -wild-type (WT) receptor gene, cloned in the shuttle expression vector pMT-3, was used for expression and site-directed mutagenesis studies, as described previously [26] . The binding reaction was terminated by filtering the incubation mixture through Whatman GF/C glass filters, and the residues were extensively washed further with binding buffer. The bound ligand fraction was determined from the counts per minute (cpm) remaining on the membrane. Binding kinetics values were determined as previously described [26] .
Cell cultures, transfections, membrane preparation
Competition binding study
Molecular Modeling of the AT 1 Receptor
Unless otherwise noted, all analyses were performed using Prime, version 3.0 (Schrödinger, LLC, New York, NY, 2011). The X-ray crystal structure of human CXCR4 (Protein Data Bank code 3OE0) was used as the template for the AT 1 receptor model. The primary sequence of AT 1 
Induced fit docking (IFD) of olmesartan
The ligand 3D structure of olmesartan was generated by LigPrep version 2.5 (Smchrödinger, LLC, New York, NY, 2011). The ligand was docked into the AT 1 receptor model using the Schrödinger Suite 2011 IFD protocol. The VDW scaling factors for both the ligand and the protein were set to 0.3 and Lys 199 in TM5 was specified as the ligand binding site. All other parameters were at the default setting.
Thirteen models were obtained as a result of induced fit docking. The interaction fingerprints [28] were calculated for the models by using the Python script bundled in Schrödinger Suite 2011. Using this information, we chose the best model that satisfied polar interactions between the ligand and all four of the important residues (Tyr 113 , Lys 199 , His 256 , Gln 257 ) in the AT 1 receptor suggested by the mutation study. Energy minimization was performed with the model using MacroModel, version 9.9 (Schrödinger, LLC, New York, NY, 2011). The force field was set to OPLS2005 with the GB/SA water solvation model and all atoms of the protein backbone were fixed during minimization. The final AT 1 receptor model with olmesartan was obtained by the Polak-Ribier Conjugate Gradient method with a convergence threshold of 0.005 for less than 5000 iterations. We used the AT 1 receptor model as the docking template for the various ARBs as described below.
Docking of various ARBs to the AT 1 receptor model
The 7 ARBs (candesartan, EXP3174, irbesartan, olmesartan, telmisartan, valsartan, azilsartan) were docked into the AT 1 receptor model by using Glide, version 5.7 (Schrödinger, LLC, New York, NY, 2011) with the hydrogen bond constraint to Lys 199 . Extra precision mode was used for the docking studies, except the irbesartan. Standard precision mode was used for irbesartan since no poses were obtained with the XP mode. The docking poses that had the best glide score for each ARB were selected as the final model. 
Results
Binding affinities of [Sar
Molecular models of the interactions between ARBs and the AT 1 receptor
Next, molecular modeling of the binding modes of AT 1 receptor and ARBs was performed. Previous studies performed computational modeling using different crystal structures of the receptor as a template, mainly bovine rhodopsin [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . We used the recently published structure of the CXCR4 receptor as a new template [25] . The position of ECL2 in the model of AT 1 receptor with bovine rhodopsin as a template was much different from the position of Tyr 184 with CXCR4 receptor (Figure 2A) . The position of TM5 in the AT 1 receptor was also different.
For modeling, IFD was performed using the AT 1 receptor model and olmesartan among the 7 kinds of ARBs. Since there are a lot of different modes of binding between olmesartan and AT 1 receptor, it is generally difficult to classify them. A couple of binding modes were selected among the different modes, since olmesartan binds to 4 sites in the AT 1 receptor (Tyr 113 , Lys 199 , His 256 and Gln 257 ) as suggested from the mutation experiment. Among a couple of modes, the mode of binding that showed the highest IFD score was selected ( Figure 2B) examined. These are reasonable distances for contributing to electrostatic and/or hydrogen bond interactions.
As shown in Figures 3 and 4 , we also performed molecular modeling of the modes of binding between the remaining 6 ARBs and AT 1 receptor based on the mode of binding between olmesartan and AT 1 receptor ( Figure 2B) . A tetrazole group, which is a common chemical structure of ARBs, binds similarly to Lys 199 , His 256 and Gln 257 in the AT 1 receptor. This tetrazole group is replaced by a carboxyl group and 5-oxo-1,2,4-oxadiazole in telmisartan and azilsartan, respectively. Lys 199 in the AT 1 receptor binds to the carboxyl groups in EXP3174, candesartan and azilsartan. Although valsartan also contains a carboxyl group, this carboxyl group did not interact with Lys 199 and may bind to Ser 105 in the AT 1 receptor. Instead, oxygen of the amidecarbonyl group of valsartan may bind to Lys 199 . Telmisartan and irbesartan do not contain a carboxyl group, and instead have a benzimidazole portion and a cyclopentyl group, respectively. The benzimidazole portion of telmisartan may bind to a lipophilic pocket that includes Tyr 113 in the AT 1 receptor. On the other hand, the n-butyl group of irbesartan may bind to Tyr 113 according to the present modeling, although the cyclopentyl group of irbesartan should interact with the lipophilic pocket includes Tyr 113 [29] . Instead, the cyclopentyl group of irbesartan may bind to Phe 182 , Leu 195 and Lys 199 .
Discussion
In the present study, we confirmed that the slightly different structures of ARBs are important for unique modes of binding to AT 1 receptor using mutagenesis-guided docking to AT 1 receptor model based on CXCR4 receptor [25] as a new template and a single version of software. Although the tetrazole group (which is replaced by a carboxyl group in telmisartan and a 5-oxo-1,2,4-oxadiazole group in azilsartan) in ARBs commonly binds to Lys 199 , His 256 and Gln 257 in the AT 1 receptor, distinctly different modifications of the biphenyltetrazolyl-imidazole scaffold lead to different modes of binding observed.
There are several reasons why we used CXCR4 receptor as a template. First, AT 1 receptor and CXCR4 receptor show about 34 % homology, which is much higher than that between AT 1 receptor and bovine rhodopsin (about 20 %), which has been used in most previous studies [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Second, in the GPCR evolution tree [30, 31] 257 are not important for binding to telmisartan. In contrast, the data suggest that the benzimidazole portion of telmisartan may be more important for binding to the lipophilic pocket of AT 1 receptor. The present results showed that the n-butyl group of irbesartan may bind to Tyr 113 ( Figure 5 ). We previously reported that the phenyl group at Tyr 113 in the AT 1 receptor and the cyclopentyl group of irbesartan may exhibit hydrophobic interaction [12] . In fact, the cyclopentyl group should move toward Tyr 113 to slightly move the protein side chains, but because the chains are fixed in the docking studies, steric interference may occur and thus the correct original position cannot be obtained in the present modeling.
In conclusion, we confirmed that the slightly different structures of ARBs may be critical for binding to AT 1 receptor and for the formation of unique modes of binding. 
